A theoretical study of various models which are commonly used for the analysis of angle-resolved photoemission is reported. For the example of the Pd(111) surface we discuss the quality and justification of these models. %e have calculated the @~I-resolved surface and bulk densities of states and the band structure of occupied and unoccupied states. FurtheHIlore, we have calculated photoemission spectra within the one-step approach. These theoretical spectra reproduce the main features and trends of the experimental data. We find that the k~I-resolved densities of states are, in general, not reflected in the photoemission.
I. INTRODUCTION
ultIaviolet photoelectron spectroscopy (ARUPS) has become a common technique for investigating thc electronic structure of clean and adsorbate covered surfaces. ' The success of this method is largely due to its high surface sensitivity (the escape depth of elastically photoemitted electrons is of the order of 5 -10 A) and to the fact that the experimental data can be interpreted nearly completely in terms of a single-particle picture. In applications to ordered adsorbate layers the method allows a direct experimental determination of the twodimensional band structure E(k~~) of the adlayer induced states. On the other hand, for clean surfaces the method has been used not only to extract information about surface states, but also for an experimental determination of the three-dimensional bulk band structure.
In contrast to the analysis of surface features we note that those interpretations in terms of a bulk band structure are not only based on exper1mental data, but they also rely on theoret1-cal models. Thus it is the scattering solution for an electron incident from the position of the detector onto the crystal surface. As the energy of this electron is E~, its k vector is k"=(2E~) '~s in8 cosP,
The index "out" is noted at the z component, because this component is only well defined outside the sample. Because of the periodicity paralld to the surface, the wave function I f) satisfies the two-dimensional Bloch theorem. Therefore, k"and k» are well defined outside and inside the crystal (at least modulo g where g is a two-dimensional reciprocal-lattice vector).
If we replace the sum over occupied states and the 5 function in Eq. (1) 6(E, kii, r, r')=6 (E, kii, r, r') + fd "6(Ek ' ")V( ") with )(6(E, kii, 'r ", r ') 6~J~( E k r r')=6'(E, k~~, r, r')
where Vo( r ) is the surface barrier, V, ( r ) is the surface atomic layer, V2(r) the second atomic layer, etc. Equation (5) can be rewritten now as 6(E,k~~' , , ')=6'~~( E, k~~, , ')
For the convenience of shorter notation Eqs. (11) and (12) are written in the operator formulation. We note that the particular ordering of the reflection processes in Eq. (12b) allows us to treat the multiple scattering exactly. ' Nevertheless, wc also scc some dcviat1ons bctwccn thc theoretical and experimental spectra. There are several reasons which could cause these differences. At first we note that the spin-orbit coupling is not included in the calculations. This approximation affects the energies by up to 0.4 eV and it also changes the hybridization of wave functions and therefore t4e relative intensities in the photoemission spectra. Another uncertainty is the treatment of the incident light. In our approach the electric field is assumed to be constant over the region where the optical excitation takes place. We note that a better description is not known for a realistic surface, but a different approach will affect the relative intensities of peaks.
Finally, we emphasize the Uncertainty in energies and intensities due to the self-energy X(E,r ). We recall that the correct behavior of this function is not known for a realistic s«ace. The choice used in the calculations of Fig. 3 (scc Sec II) is o»y a «asonabie fi~st approximation. In order to test tile influence of the self-energy on calculated photoemission spectra we show in Figs. 4 and 5 two other choices of X(E,r). In Fig. 4 Figure 9 shows the influence of a complex self-energy on the band structure. At first (left part of Fig. 9 We have then concentrated on a discussion of various models commonly used for the analysis of ARUPS. Our approach is based on the fact that the one-step theory of photoemission should be able to confirm the one or the other model. The detailed analysis shows that the main structures in a photoemission spectrum can be understood in terms of a modified direct transition model where the influence of a complex self-energy, X(E,r}, is included in the calculation of the unoccupied bands. We have only considered a crude approximation of X(E,r) and there is some hope that this might be sufficient in many applicatloils. Fol' a def ailed ai1alysls of ARUPS, ol at, lowei' final-state energies, a better treatment might be important. No such calculation has been attempted.
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